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ABSTRACT: In this Article, we reported the synthesis and the upconversion
luminescence (UCL) properties of a series of novel (Na/Li)Bi-
(MoO4)2 :Yb
3+ ,Er 3+ [(N/L)BMO:Yb3+ ,Er3+] and (Na/Li)Bi -
(MoO4)2:Yb
3+,Ho3+,Ce3+ [(N/L)BMO:Yb3+,Ho3+,Ce3+] phosphors. X-ray
diﬀraction patterns and Rietveld reﬁnements for several representative
samples indicated the pure phase of as-prepared samples. The Yb3+,Er3+
codoped (N/L)BMO presented bright green luminescence under 975 nm
laser excitation with UCL spectra showing two main green bands around 529
nm (Er3+, 2H11/2→
4I15/2) and 551 nm (Er
3+, 4S3/2→
4I15/2), in addition to a
very weak one at 655 nm (Er3+, 4F9/2 →
4I15/2). The (N/L)BMO:Yb
3+,Ho3+ mainly showed a green band around 544 nm
(5S2,
5F4→
5I8) and a red band around 654 nm (
5F5 →
5I8) upon 975 nm laser excitation. With increasing Yb
3+ concentrations
in (N/L)BMO:Yb3+,0.01Ho3+, the red/green ratios decreased monotonously corresponding to the emission color variation
from light red to light yellow. Both UCL mechanisms of Yb3+,Er3+ and Yb3+,Ho3+ were determined to be two-phonons
absorption processes in (N/L)BMO:Yb3+,Er3+/Ho3+. The Ce3+ ions were introduced into Yb3+,Ho3+ codoped (N/L)BMO to
show the color tuning from light yellow to light red originating from the cross relaxation processes of (CR1) Ho3+ (5F4,
5S2) +
Ce3+ (2F5/2)→ Ho
3+ (5F5) + Ce
3+ (2F7/2) and (CR2) Ho
3+(5I6) + Ce
3+ (2F5/2)→ Ho
3+ (5I7) + Ce
3+ (2F7/2), which is based on
the energy matching of Ce3+2F7/2-
2F5/2 level pairs with Ho
3+5I6-
5I7 and
5F4,
5S2-
5F5 level pairs and conﬁrmed by the decay times.
These results suggest good UCL properties of (N/L)BMO:Yb3+, Er3+ and (N/L)BMO:Yb3+, Ho3+, Ce3+ materials, and color
modulation is easily controlled by varying Yb3+ concentration and a cross relaxation process between Ce3+ and Ho3+, which
provides eﬃcient methods to regulate the emission color of UCL phosphors.
■ INTRODUCTION
Upconversion luminescence (UCL), a phenomenon absorbing
and converting near-infrared (NIR) radiation into visible
emission, can take place in certain rare-earth ion-doped
materials.1 These luminescence materials have been extensively
investigated for a variety of potential applications in solid-state
laser, lighting and display, ﬂuorescent labeling, drug delivery,
solar energy, biological technique, temperature sensors,
anticounterfeit, and information storage.2−10 Among all the
lanthanide ions from element lanthanum (La) to lutetium
(Lu), Tm3+, Er3+, and Ho3+ are the most three frequently
utilized ions for UCL because of their abundant ladderlike
energy levels with long lifetimes.11,12 They, therefore, can
generate blue, green, and red emissions upon 975 nm laser
diode (LD) pump. However, their intra 4f−4f spin-forbidden
transitions shielded by outer shells 5s2 and 5p6 lead to sharp
and narrow emission lines with overall low intensity, which can
be highly improved using Yb3+ as a sensitizer for them, since it
has a large absorption cross section around 975 nm and can
eﬃciently transfer its absorbed energy to them.13,14 It is well-
known that the UCL intensity of a phosphor is largely
dependent on the host materials, which means the lower
phonon energy the material is, the better UCL properties may
be. Thus, the halides/ﬂuorides/oxysulﬁdes compounds, with
low phonon energy to avoid energy losses via crystal lattice
vibration, are promising hosts for UCL, among which the
typical ones are NaY/Gd/LuF4.
15−17 Unfortunately, they suﬀer
from many drawbacks such as inferior physical and chemical
stability, toxicity, and hygroscopicity, which would restrict their
virtual applications.18 Comparatively, appropriate oxide ma-
trixes with relatively low phonon energy, high thermal and
chemical stabilities, and nontoxicity can be considered as good
potential candidates for UCL.19,20 Therefore, it is a hotspot to
develop new appropriate oxide hosts to obtain eﬃcient UCL
materials with rare-earth ions incorporation.
Recently, a group of double alkaline rare-earth molybdates
ALn(MoO4)2 (A = alkali metal ions; Ln = trivalent rare earth
ions) with scheelite-type tetragonal symmetry structure have
been investigated as the good candidates for down-shifting
luminescence with rare-earth ion incorporations owing to their
high chemical and physical stabilities and easy rare-earth ion
accommodation, involving KLa(MoO4):Eu
3+, KLa-
(MoO4) :Dy
3 + ,Eu 3 + , NaLa(MoO4) 2 :Eu
3 + , NaGd-
(MoO4)2:Eu
3+,Eu3+/Tb3+, NaGd(MoO4)2:Sm
3+,Eu3+,
etc.21−26 As illustrated for several crystals from this family,
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the disordered tetragonal-phase structure can accommodate
doping Ln ions at high concentrations without destroying the
structure. Moreover, the UCL properties have also been shown
good performance in ALn(MoO4)2:Yb
3+,Er3+(A = Li, Na, and
K; Ln = La, Gd, and Y), Na0.5Gd0.5MoO4:Yb
3+,Er3+, NaLa-
(MoO4)2:Yb
3+,Er3+, NaLa(MoO4)2:Yb
3+,Ho3+, NaY-
(MoO4)2:Yb
3+,Sm3+, NaGd(MoO4)2:Yb
3+,Er3+/Ho3+/Tm3+,
NaGd(MoO4)2:Yb
3+/Er3+/F−.27−33 In addition, Li et al.34,35
reported that alkali metal ions A in ALa(MoO4)2 can be
replaced by Ag element to form AgLa(MoO4)2 as a novel host
with similar structure for good UCL. However, it is found that
both Ag and Ln are rare elements with high price for raw
materials in these matrixes. Consequently, replacing Ln by
other elements in ALn(MoO4)2 (A = alkali metal ions; Ln =
trivalent rare earth ions) to generate novel matrixes for
luminescence is an alternative way to reduce the cost of
materials. Bi3+, often acting as an activator to be doped into a
lot of hosts,36,37 can be also considered as an ideal ion to
realize the entire substitution of Ln without any signiﬁcant
structure change in ALn(MoO4)2 to form ABi(MoO4)2
compounds, since it has the similar ionic radius and same
valence with Ln. Herein, we found that the pure phase was
obtained in (Na/Li)Bi(MoO4)2 materials with structure
similar to (Na/Ag)La(MoO4)2 compound, suggesting its
possible good luminescence properties with appropriate rare-
earth ions introduction. Furthermore, the sintered temperature
for (Na/Li)Bi(MoO4)2 series materials by a high-temperature
solid-state reaction is much lower than that of (Na/Li/
Ag)(La/Gd)(MoO4)2 series materials synthesized by a sol−gel
method after the replacement of Ln by Bi3+,27,34,35 which
shows a merit of energy saving. And the preparation time by a
simpler high-temperature solid-state reaction is much shorter
than that by a sol−gel method. Moreover, the UCL properties
of Yb3+,Er3+/Ho3+ doped (Na/Li)Bi(MoO4)2 were inves-
tigated in detail. In general, diﬀerent UCL emission colors
are often requested to meet diﬀerent conditions, which can be
tuned by tailoring the emission intensity ratio of diﬀerent
emission bands. Herein, changing the dopant concentration of
Yb3+ in (Na/Li)Bi(MoO4)2:Yb
3+,Ho3+ (Yb3+ can inﬂuence the
transition probability of green and red emissions) and
additions of Ce3+ into (Na/Li)Bi(MoO4)2:Yb
3+,Ho3+ were
performed to realize the adjustment of emission color (Ce3+
can inﬂuence the energy-transfer pathways for red emission via
a nonradiative process based on the approximately matching
energy gap of its 2F7/2-
2F5/2 level pairs with gaps of Ho
3+ 5I6-
5I7
and 5F4,
5S2-
5F5 level pairs). The results show that it is an
alternative way to highly enrich hosts for novel oxide UCL
Figure 1. Rietveld reﬁnements for as-prepared NBMO (a), LBMO (b), NBMO:0.18Yb3+,0.02Er3+ (c), LBMO:0.20Yb3+,0.02Er3+ (d),
NBMO:0.40Yb3+,0.01Ho3+,0.01Ce3+ (e), and LBMO:0.40Yb3+,0.01Ho3+,0.01Ce3+ (f) samples.
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materials with good properties by substitution of Bi3+ for Ln in
appropriate compounds.
■ MATERIALS SYNTHESIS AND
CHARACTERIZATION
Materials Synthesis. Crystallized powders with the composition
formula (Na/Li)Bi(MoO4)2, (Na/Li)Bi0.98−x/y(MoO4)2:x/
yYb3+,0.02Er3+, (Na/Li)Bi0.99−a/b(MoO4)2:a/bYb
3+,0.01Ho3+ and
(Na/Li)Bi0.59−c/d(MoO4)2:0.40Yb
3+,0.01Ho3+,c/dCe3+ [abbreviated
as (N/L)BMO, (N/L)BMO:x/yYb3+,0.02Er3+, (N/L)BMO:a/
bYb3+,0.01Ho3+ and (N/L)BMO:0.40Yb3+,0.01Ho3+,c/dCe3+], re-
spectively, were prepared via a relatively low-temperature solid-state
reaction. Raw materials Na2CO3 analytical reagent (AR), Li2CO3
(AR), Bi2O3 (AR), and MoO3 (AR) purchased from Aldrich company
and Yb2O3 (99.99%), Er2O3 (99.99%), Ho2O3 (99.99%), and
Ce(NO3)3·6H2O(99.99%) purchased from Alfa Aesar company
were weighed according to the required chemical composition and
ground in an agate mortar with a pestle. A proper addition of ethanol
was used throughout the grinding process to obtain the homogeneous
mixture. Then the mixture was dried in an oven at the temperature of
60 °C. After that, the mixture was ground again for 1 min and
transferred to a ceramic crucible for sintering in a furnace at 650 °C
(for NBMO series samples)/550 °C (for LBMO series samples) for 5
h with a heating rate of 10 °C/min, in which the preparation
temperature is similar to complex molybdates before.38−40 At last, the
as-prepared samples were cooled within the furnace and ground for
another 1 min for subsequent characterization.
Characterization. Phase composition of as-prepared samples
were identiﬁed via an X-ray diﬀraction (XRD) measurement with the
setup of Thermo Scientiﬁc ARLX’TRA diﬀractometer equipped with
a Cu Kα source (λ = 1.5405 Å), remaining the scan rate at 5°/min in
the scattering angle range (2θ) of 15°−65°. Rietveld reﬁnement for a
powder X-ray diﬀraction (PXRD) pattern required the range to be 5−
90° with a scanning rate of 0.5°/min. Raman spectra were collected
on a Fourier transform infrared (FT-IR) Raman-Drift Nicolet 6700
equipment. The microscopic morphology images were collected in
Hitachi S-3400N scanning electron microscope (SEM), equipped
with a ThermoScientiﬁc Noran System 7 for energy-dispersive X-ray
(EDX) analysis. Near-infrared (NIR) luminescence and lifetimes were
measured on an Edinburgh Instruments FLSP 920 UV−vis−NIR
spectroﬂuorimeter, equipped with a 450 W continuous xenon lamp
and a 60 W pulsed xenon lamp. The setup has a Hamamatsu R928P
red-sensitive photomultiplier tube (PMT) to detect luminescence in
the 200−870 nm wavelength range and a liquid-nitrogen cooled (−80
°C) Hamamatsu R5509−72 PMT to detect near-infrared lumines-
cence up to 1700 nm. The UCL measurements were done with the
assistance of a continuous-wave diode laser (400 mW) at 975 nm, as
the steady-state excitation sources and emission spectra were recorded
in the wavelength range from 400 to 800 nm. The UCL lifetimes were
measured using a Continuum Surelite I-10 Nd:YAG pumped OPO
Plus laser with the excitation wavelength ﬁxed at 975 nm and a pulse
repetition frequency of 10 Hz. All the measurements were conducted
at room temperature.
■ RESULTS AND DISCUSSION
Phase Purity, Crystal Structure, and Raman Spectra.
Rietveld reﬁnements for several representative samples
NBMO, LBMO, NBMO:0.18Yb3+,0.02Er3+, LBMO:0.20Yb3+,
0.02Er3+, NBMO:0.40Yb3+,0.01Ho3+,0.01Ce3+, and LBMO:
0.40Yb3+,0.01Ho3+,0.01Ce3+ were ﬁrst conducted to recognize
the phase of as-prepared materials using the General Structure
Analysis System (GSAS) program,41 where the structure of
NaBi(MoO4)2 compound (ICSD 153129)
42 was taken as the
original mode. As illustrated in Figure 1, the calculated proﬁles
and Bragg diﬀraction positions from the NaBi(MoO4)2
structure are marked using the magenta solid lines and red
vertical bars, respectively. The black crosses present the
experimental results, and the green sections below the red bars
indicate the diﬀerences between the calculated and exper-
imental results. It can be found in Figure 1 that the obtained
Rwp, Rp, and χ
2 values illustrate the reliability of the reﬁned
results, indicating the accordance of all atom coordinates,
fraction factors, and thermal vibration parameters with the
reﬂection condition. Detailed parameters of reﬁnement results
for the representative samples are listed in Table 1. It can be
concluded from the reﬁnement results that the LiBi(MoO4)2
compound is isostructural with that of NaBi(MoO4)2, which
crystallizes in a tetragonal system with the space group I41/a
(88), as depicted in Figure 2a. Both Na/Li and Bi are
coordinated with eight oxygen atoms to form the polyhedral
(Na,Li)/BiO8 polyhedrons, in which Yb
3+/Er3+/Ho3+/Ce3+
[coordination number (CN) = 8, radius (r) = 0.98/1.00/
1.02/1.14 Å] are apt to occupy Bi3+ (CN = 8, r = 1.11 Å) sites
for close ionic radii. And the Mo atoms are coordinated with
four oxygen atoms forming MoO4 tetrahedrons. The (Na,Li)/
BiO8 and MoO4 polyhedrons are connected with bridge
oxygen to construct the whole structure network. It is
reasonable to point out that smaller cell parameters a, b, c,
and V of LiBi(MoO4)2 than those of NaBi(MoO4)2 appear
because of the substitution of smaller Li+ for larger Na+, as
shown in Table 1. Moreover, the changes of cell parameters in
doped samples compared to corresponding undoped hosts
indicate dopants of Yb3+/Er3+/Ho3+/Ce3+ were successfully
incorporated into the corresponding matrixes. Figure 2b,c
shows the representative PXRD patterns of the hosts and
corresponding Yb3+/Er3+/Ho3+/Ce3+ doped samples. All the
patterns are assigned to the standard reference NaBi(MoO4)2
compound (ICSD 153129), indicating the pure phase state of
as-prepared series samples. Clearly the patterns of the LBMO
host shift to larger angles (represented with the strongest peak
in green dashed oval in Figure 2c) compared to diﬀraction
positions of standard NaBi(MoO4)2 compound, which is in
accordance with the deduction from the Bragg formula43 2d sin
θ = nλ and cell parameters determined in reﬁnements of
NBMO and LBMO hosts. The Raman spectra for NBMO and
LBMO hosts, with the corresponding wavenumbers of 50−
1750 cm−1, are presented in Figure 2d,e, respectively. Two
bands around 877 cm−1 in Figure 2d and 872 cm−1 in Figure
2e are derived from the symmetric stretching vibration of
(MoO4)
2− group.44−46 The bands around 767 cm−1 in Figure
2d and 770 cm−1 in Figure 2e should be attributed to the
asymmetric stretching vibration of (MoO4)
2− group. Other
four bands at 320, 374, 316, and 384 cm−1 are originated from
the asymmetric bending vibration of (MoO4)
2− group.47,48
Several bands below 300 cm−1 can be ascribed to the
translational motion of Na/Li, Bi, and Mo atoms. The
maximum mode wavenumber is 877 cm−1 for NBMO and
872 cm−1 for LBMO, which illustrates their relatively low
phonon energy, indicating them to be possible proper hosts for
eﬃcient UCL materials.
The SEM image for the representative NBMO:0.40Yb3+,
0.01Ho3+,0.01Ce3+ sample shows the aggregation to some
extent with irregular particle shape, which is similar to those for
other samples NBMO:0.24Yb3+,0.02Er3+, LBMO:0.30Yb3+,
0.02Er3+, and LBMO:0.40Yb3+,0.01Ho3+,0.01Ce3+ in Figure
S1a−c, respectively. The size for particles approximately is in
micrometer scale, which is rational for the powder sintered by
the solid-state reaction method. The elemental mapping
measurement was conducted to approximately determine the
element compositions of the resulting samples, and the results
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were shown in Figure 3b. It can be seen that the components
of Na, Bi, Mo, O, Yb, Ho, and Ce are uniformly distributed
over the whole range of particles, which revealed the successful
synthesis of NBMO: Yb3+,Ho3+,Ce3+ phosphors. The obtained
EDX spectrum and elemental composition chart in Figure 3c
indicate the molar ratio between every element can be
approximately consistent with the nominal composition,
which is also similar to the results in Figure S1d−f. In
addition, the occurrence of C element in mapping graphs and
EDX spectra originates from the conducting resin used for
holding powders, which is not considered here.
■ UCL PROPERTIES OF (N/L)BMO:YB3+,ER3+
MATERIALS
Figure 4a,d shows the UCL spectra of NBMO:xYb3+,0.02Er3+ (x = 0,
0.02, 0.06, 0.10, 0.14, 0.18, 0.24, and 0.30) and LBMO:yYb3+,0.02Er3+
(y = 0, 0.06, 0.10, 0.15, 0.20, 0.30, 0.40, and 0.50) with diﬀerent Yb3+
concentrations under 975 nm laser excitation. They all involve the
two main bands around 529 and 551 nm attributed to Er3+ transitions
2H11/2 →
4I15/2 and
4S3/2 →
4I15/2, respectively, in addition to a very
weak band around 655 nm attributed to Er3+ transition 4F9/2 →
4I15/2.
48 The emission intensities of these transitions increase to
maxima at x = 0.24 in NBMO:xYb3+,0.02Er3+ [the bright green UCL
photo at power 372.4 mW without any excitation light focus and CIE
chromaticity coordinate (0.237, 0.736) are presented in inset of
Figure 4a] and y = 0.30 in LBMO:yYb3+,0.02Er3+ [the corresponding
bright green UCL photo at power 372.4 mW without any excitation
light focus and CIE chromaticity coordinate (0.240, 0.734) are
presented in inset of Figure 4d] with increasing Yb3+ concentration, as
shown in Figure 4b,e, respectively, after which they start to drop
owing to the concentration quenching eﬀect originating from the
general energy back transfer (EBT) process from Er3+ to Yb3+:Er3+
(4S3/2) + Yb
3+ (2F7/2)→ Er
3+ (4I13/2) + Yb
3+ (2F5/2).
49 Apparently the
UCL of Er3+ singly doped samples in Figure 4a,d is highly enhanced
with the addition of Yb3+, which certiﬁes the eﬀective sensitization
eﬀect of Yb3+ for Er3+ ions in these materials. This is because Yb3+ ion
has a large absorption cross section around 975 nm and a good energy
level matching between Yb3+ and Er3+ ions. The linear relationships
between In[emission intensity (I)] and In[pumped laser power (P)]
for any UCL process are presented in Figure 4c,f to indicate the UCL
mechanisms in NBMO:Yb3+,Er3+ and LBMO:Yb3+,Er3+, respectively,
which can be expressed with following formula:50
I Pn∝ (1)
where n represents the number of NIR excitation photons absorbed
by rare-earth ions at a certain pump power in the transition process,
which is equal to the linear ﬁtting slope of log(I, intensity) and log(P,
pump power) in scales. We can observe the values of n are 2.03/2.01
for 529 nm green emission (2H11/2 →
4I15/2), 1.97/1.95 for 551 nm
green emission (4S3/2 →
4I15/2), and 1.91/1.83 for 655 nm red
emission (4F9/2 →
4I15/2), respectively, in NBMO:0.24Yb
3+,0.02Er3+/
LBMO:0.30Yb3+,0.02Er3+ samples, indicating the two-phonon
absorption processes are responsible for the UCL in (N/L)-
BMO:Yb3+,Er3+ materials.
Luminescence decay kinetics processes (λem = 551 nm, λex = 975
nm) are used to validate the energy transfer from Yb3+ to Er3+ ions in
(N/L)BMO:Yb3+,Er3+ materials. The decay curves vary with Yb3+
concentrations in NBMO:xYb3+,0.02Er3+ (x = 0, 0.06, 0.10, 0.18, 0.24,
and 0.30) and LBMO:yYb3+,0.02Er3+ (y = 0, 0.06, 0.10, 0.20, and
0.30), which can be ﬁtted well with a double-exponential function as
follows:51,52
I t A t A t( ) exp( / ) exp( / )1 1 2 2τ τ= − + − (2)
in which I is the luminescence intensity at time t, τ1 and τ2 are the
rapid and slow decay times for the ﬁtting lines, respectively, and A1
and A2 are the constants. The average decay times for the
representative samples are determined using the equation below
according to the ﬁtting parameters in eq (2):T
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As a consequence, the decay times are determined to be 32.0, 62.9,
95.3, 120.5, 150.3, and 182.0 μs corresponding to x = 0, 0.06, 0.10,
0.18, 0.24, and 0.30 in NBMO:xYb3+,0.02Er3+ and 20.6, 40.2, 67.8,
135.8, 150.3 μs corresponding to y = 0, 0.06, 0.10, 0.20, and 0.30 in
LBMO:yYb3+,0.02Er3+, respectively, showing the monotonous in-
creases of decay times with increasing Yb3+ concentrations in these
two kinds of UCL materials. These phenomena suggest that eﬀective
energy transfer from Yb3+ to Er3+ ions take place in these materials to
enhance the UCL of Er3+. The detailed UCL transitions and energy
transfer processes in Yb3+, Er3+ codoped materials have been
illustrated in our work before,53 which involve several processes of
ground absorption (GSA), excited-state absorption (ESA), energy
Figure 2. PXRD patterns for representative undoped and doped NBMO (a) and LBMO samples (b). (c) Crystal structure of (Na/Li)Bi(MoO4)2
compounds and coordination environments of (Na,Li)/Bi atoms and Mo atoms. (d) Raman shift for NBMO (d) and LBMO (e) hosts.
Figure 3. SEM microscopic morphology image (a), elemental mapping graphs (b), and EDX spectrum and elemental composition chart (c) for
representative NBMO:0.40Yb3+,0.01Ho3+,0.01Ce3+ sample.
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transfer (ET), cross relaxation (CR), and nonradiative (NR)
relaxation.
■ UCL PROPERTIES OF (N/L)BMO:YB3+,HO3+ AND
COLOR TUNING IN (N/L)BMO:YB3+,HO3+,CE3+
MATERIALS
The UCL spectra of NBMO:aYb3+,0.01Ho3+ (a = 0, 0.05, 0.10, 0.15,
0.20, 0.30, 0.40, and 0.50) in Figure 5a and LBMO:bYb3+,0.01Ho3+ (b
= 0, 0.05, 0.10, 0.15, 0.20, 0.30, 0.40, and 0.50) in Figure 5d under
975 nm laser excitation mainly show a green band around 544 nm
(5F4,
5S2→
5I8) and a red band around 654 nm (
5F5→
5I8) in addition
to a neglected 753 nm band (5F4,
5F2 →
5I7). Both red and green
components in (N/L)BMO:Yb3+,Ho3+ increase to a maximum at a/b
= 0.30/0.30, beyond which they start to decrease with further Yb3+
concentrations, as illustrated in Figure 5b,e, which may be attributed
to the EBT processes from Ho3+ to Yb3+:Ho3+ (5S5) + Yb
3+ (2F7/2)→
Ho3+ (5I7) + Yb
3+ (2F5/2) and Ho
3+ (5I6) + Yb
3+ (2F7/2)→ Ho
3+ (5I8)
+ Yb3+ (2F5/2), and self-cross-relaxation process of Yb
3+ for excess
Yb3+ ion.54 However, the red/green (R/G) ratio decreases
monotonously from 6.66/5.83 to 2.52/2.58 with increasing Yb3+
concentrations in (N/L)BMO:Yb3+,Ho3+ from a/b = 0.05 to 0.40,
which can be reﬂected by the representative tunable luminescence
photos from light red to light yellow (insets in Figure 5a,d) upon 975
nm laser excitation at power 372.4 mW and corresponding CIE
chromaticity coordinates from 1(0.565, 0.429)/7(0.550, 0.443) to
6(0.455, 0.536)/12(0.457, 0.533) for (N/L)BMO:a/bYb3+,0.01Ho3+
(Table 2). It is also observed in Figure 5a,d that the incorporation of
Yb3+ in (N/L)BMO:0.01Ho3+ greatly enhances the UCL of Ho3+ due
to the eﬃcient energy transfer from Yb3+ to Ho3+ ions. The slopes of
linear ﬁttings of Ln(Intensity) versus Ln(pump power) according to
Eqn 1 for 544 nm (5F4,
5F2→
5I8) and 654 nm (
5F5→
5I8) transitions
are 2.01/2.09 and 1.98/1.95 for (N/L)BMO:0.30Yb3+,0.01Ho3+,
respectively, as depicted in Figure 5c,f, indicating that the UCL takes
place in these materials via a two-phonon absorption process. UCL
Figure 4. UCL spectra of NBMO:xYb3+,0.02Er3+ (a) and
LBMO:yYb3+,0.02Er3+ (d) with diﬀerent Yb3+ concentrations upon
975 nm laser excitation. Variations of UCL intensity of 2H11/2 →
4I15/2,
4S3/2 →
4I15/2, and
4F9/2 →
4I15/2 transitions in NBMO:x-
Yb3+,0.02Er3+ (b) and LBMO:yYb3+,0.02Er3+ (e) as a function of Yb3+
concentration x/y. (c, f) The relationships of In(Intensity) vs
In(pump power) with linear ﬁttings for NBMO:0.24Yb3+,0.02Er3+
and LBMO:0.30Yb3+,0.02Er3+ samples, respectively. UCL decay
curves (λem = 551 nm, λex = 975 nm) for NBMO:xYb
3+,0.02Er3+
(g) and LBMO:yYb3+,0.02Er3+ (h). CIE chromaticity coordinate
diagrams and UCL photos under 975 nm laser excitation at power
372.4 mW for representative NBMO:0.24Yb3+,0.02Er3+ [insets in (a)]
and LBMO:0.30Yb3+,0.02Er3+[insets in (d)].
Figure 5. UCL spectra of NBMO:aYb3+,0.01Ho3+ (a) and
LBMO:bYb3+,0.01Ho3+ (d) under 975 nm laser excitation with
diﬀerent Yb3+ concentrations. (insets a, d) The corresponding
luminescence photos and CIE chromaticity coordinates for
representative samples with increasing Yb3+ concentrations; the
arrows show the increase of Yb3+ concentration. Variations of UCL
intensity of 544 nm green (5F4,
5F2→
5I8) and 654 nm red (
5F5→
5I8)
transitions in NBMO:aYb3+, 0.01Ho3+ (b) and LBMO:bYb3+,
0.01Ho3+ (e) together with the corresponding red/green ratios as a
function of Yb3+ concentration a/b. (c, f) The relationships of
In(Intensity) vs In(pump power) with linear ﬁttings for
NBMO:0.30Yb3+,0.01Ho3+ and LBMO:0.30Yb3+,0.01Ho3+ samples,
respectively. UCL decay curves (λem = 544 nm, λex = 975 nm) for
NBMO:aYb3+,0.01Ho3+ (g) and LBMO:bYb3+,0.01Ho3+ (h).
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decay curves (λem = 544 nm, λex = 975 nm) for NBMO:aYb
3+,
0.01Ho3+ (a = 0−0.30) and LBMO:bYb3+,0.01Ho3+ (b = 0−0.40) are
also utilized to illustrate the energy-transfer phenomena in these
materials, which can be also ﬁtted well with a double-exponential
function Eqn 2 mentioned above. The decay times are determined to
be 22.5, 67.3, 83.2, and 95.3 μs for a = 0, 0.10, 0.20, and 0.30 in
NBMO:aYb3+,0.01Ho3+ samples and 20.3, 59.0, 79.1, and 93.4 μs for
b = 0, 0.10, 0.20, and 0.30 in LBMO:bYb3+,0.01Ho3+ samples by using
Eqn 3. Obviously the decay time of Ho3+ rises monotonously with
increasing Yb3+ concentrations in these two kinds of phosphors. This
phenomenon further supplies a conﬁrmation of eﬀective energy
transfer from Yb3+ to Ho3+ ions upon 975 nm laser excitation in Yb3+
and Ho3+ codoped (N/L)BMO phosphors.
In view of tuning the emission color and the fact that Ce3+ is likely
to inﬂuence the energy-transfer pathways of red emission via a
nonradiative process based on the matching energy gap of its
2F7/2-
2F5/2 (∼3000 cm−1)55,56 with Ho3+ 5I6-5I7 (∼3300 cm−1) and
5F4,
5S2-
5F5 (∼3185 cm−1)] in Ho3+-doped materials here, the Ce3+
ions were incorporated into Yb3+ and Ho3+ codoped (N/L)BMO
phosphors to show the possible color tuning (calcination in air
condition only). Figure 6a,d shows the UCL spectra of NBMO:
0 .40Yb3+ , 0 .01Ho3+ , cCe3+ ( c = 0−0 .04) and LBMO:
0.40Yb3+,0.01Ho3+,dCe3+ (d = 0−0.04) upon 975 nm laser excitation
with the corresponding R/G ratios as a function of Ce3+
concentration. It is found that, although the emission intensities of
red and green components decrease on introducing Ce3+ into
Yb3+,Ho3+ codoped samples, the R/G ratio increases monotonously
from 2.52/2.58 to 5.32/6.08 with increasing Ce3+ concentration c/d
from 0 to 0.04, corresponding to the variations of CIE chromaticity
coordinates from 1(0.455, 0.536)/7(0.457, 0.533) to 6(0.541,
0.451)/12(0.555, 0.437) and luminescence photos from both light
yellow to light red (insets in Figure 6b,e) upon 975 nm laser
Table 2. CIE Chromaticity Coordinates for NBMO:aYb3+,0.01Ho3+ (a = 0−0.40) and LBMO:bYb3+,0.01Ho3+ (b = 0−0.40)
under 975 nm Laser Excitation
sample concentration a CIE coordinate (x, y) sample concentration b CIE coordinate (x, y)
1 0.05 (0.565, 0.429) 7 0.05 (0.550, 0.443)
2 0.10 (0.537, 0.456) 8 0.10 (0.532, 0.460)
3 0.15 (0.506, 0.486) 9 0.15 (0.499, 0.491)
4 0.20 (0.485, 0.506) 10 0.20 (0.484, 0.507)
5 0.30 (0.460, 0.530) 11 0.30 (0.461, 0.529)
6 0.40 (0.455, 0.536) 12 0.40 (0.457, 0.533)
Figure 6. UCL spectra of NBMO:0.40Yb3+,0.01Ho3+,cCe3+ (a) and LBMO:0.40Yb3+,0.01Ho3+,dCe3+ with diﬀerent Ce3+ concentrations (d) upon
975 nm laser excitation. (insets a, d) The variations of R/G ratios as a function of Ce3+ concentration. (b, e) The CIE chromaticity coordinate
diagrams and corresponding luminescence photos upon 975 nm laser excitation at power 374.2 mW for representative samples with c = 0, 0.005,
0.01, 0.02, 0.03, and 0.04 in NBMO:0.40Yb3+,0.01Ho3+,cCe3+ and d = 0, 0.005, 0.01, 0.02, 0.03, and 0.04 in LBMO:0.40Yb3+,0.01Ho3+,dCe3+.
(insets b, e) The corresponding luminescence photos under 975 nm laser excitation (the arrow indicates the increasing Ce3+ concentration). (c, f)
The NIR emission spectra of NBMO:0.40Yb3+,0.01Ho3+,cCe3+ (c = 0−0.04) and LBMO:0.40Yb3+,0.01Ho3+,dCe3+ (d = 0−0.04) upon 975 nm
excitation. (g) A possible UCL mechanism schematic diagram in (N/L)BMO:Yb3+,Ho3+,Ce3+ tridoped samples.
Table 3. CIE Chromaticity Coordinates for NBMO:0.40Yb3+,0.01Ho3+,cCe3+ (c = 0−0.04) and
LBMO:0.40Yb3+,0.01Ho3+,dCe3+ (d = 0−0.04) under 975 nm Laser Excitation
sample concentration c CIE coordinate (x, y) sample concentration d CIE coordinate (x, y)
1 0 (0.455, 0.536) 7 0 (0.457, 0.533)
2 0.005 (0.477, 0.513) 8 0.005 (0.501, 0.490)
3 0.01 (0.491, 0.500) 9 0.01 (0.515, 0.477)
4 0.02 (0.511, 0.480) 10 0.02 (0.534, 0.457)
5 0.03 (0.528, 0.463) 11 0.03 (0.546, 0.446)
6 0.04 (0.541, 0.451) 12 0.04 (0.555, 0.437)
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excitation at power 374.2 mW. These phenomena indicate that color
tunings were realized in (N/L)BMO:0.40Yb3+,0.01Ho3+,Ce3+ (Table
3).
To study the mechanism for the enhancement of R/G ratio with
the incorporation of Ce3+ ions, the NIR emission spectra of as-
prepared NBMO:0.40Yb3+,0.01Ho3+,cCe3+ (c = 0−0.04) and
LBMO:0.40Yb3+,0.01Ho3+,dCe3+ (d = 0−0.04) samples upon 975
nm excitation were recorded and depicted in Figure 6c,f, respectively,
in which the maximum emission bands around 1188 nm are assigned
to Ho3+ 5I6 →
5I8 transition. The emission intensity of these bands
decreases monotonously with increasing Ce3+ concentrations,
indicating that the energy transfer from Ho3+ to Ce3+ ions would
like to take place to inﬂuence the transition pathways in phosphors. As
illustrated in Figure 6g, the 5F4,
5S2 states are mainly populated by ET
and ET2 processes from Yb3+ to Ho3+ ions to generate the green
emission, whereas the population of 5F5 state needs two nonradiative
relaxation (NR) processes of 5F4,
5S2 →
5F5 and
5I6 →
5I7 to produce
the red emission. This will lead to a slower population rate for the red
emission than that of the green one. Since the energy gap of Ce3+
2F7/2-
2F5/2 level pairs can match with Ho
3+ 5I6-
5I7 and
5F4,
5S2-
5F5 level
pairs in Ho3+-doped materials, as mentioned above, the introduction
of Ce3+ will dramatically promote these two NR processes of 5F4,
5S2
→ 5F5 and
5I6 →
5I7 via two cross-relaxation processes: (CR1) Ho
3+
(5F4,
5S2) + Ce
3+ (2F5/2) → Ho
3+ (5F5) + Ce
3+ (2F7/2) and (CR2)
Ho3+ (5I6) + Ce
3+ (2F5/2) →Ho
3+ (5I7) + Ce
3+ (2F7/2),
57 as shown in
Figure 6g, which would enhance the red emission and simultaneously
suppress the green emission. However, clearly the emission intensities
of both red and green bands decrease with increasing Ce3+
concentrations in NBMO:0.40Yb3+,0.01Ho3+,cCe3+ (c = 0−0.04),
and LBMO:0.40Yb3+,0.01Ho3+,dCe3+ (d = 0−0.04), as observed in
Figure 6a,d. On the basis of this, we propose that energy transfer
eﬀect from Yb3+ to Ho3+ ions and EBT eﬀect compete with each other
in (N/L)BMO:a/bYb3+,0.01Ho3+, and the former one dominates the
enhancement of red emission within the optimal Yb3+ concentration
a/b = 0.30, while the latter one predominates the weakening of red
emission beyond the optimal Yb3+ concentration, which means more
ET and ET2 processes result in stronger EBT eﬀect to decrease the
emission intensity of red emission. Herein, the concentrations of Ce3+
ion in samples (N/L)BMO:0.40Yb3+,0.01Ho3+ already exceeded the
optimal (N/L)BMO:0.30Yb3+,0.01Ho3+, which indicates the EBT
eﬀect plays a dominant role. The indirect conversion of green to red
emission in (N/L)BMO:0.40Yb3+,0.01Ho3+ will generate more EBT
eﬀect after Ce3+ introduction, making the decrease of red emission
intensity with increasing Ce3+ concentration.
To further clarify the role of CR1 and CR2 processes for red
emission of Ho3+ in (N/L)BMO:0.40Yb3+,0.01Ho3+,c/dCe3+ (c/d =
0−0.04) samples, the decay curves monitored at 544 nm from 5F4,5S2
levels and 1188 nm from 5I6 level upon 975 nm excitation were
measured and depicted in Figure 7. We ﬁnd the decay curves in
Figure 7a,c monitored at 544 nm for NBMO:0.40Yb3+,0.01Ho3+,cCe3+
Figure 7. Decay curves of Ho3+ (λex = 975 nm, λem = 544 nm, and λem = 1188 nm) in NBMO:0.40Yb
3+,0.01Ho3+,cCe3+ (c = 0−0.04) (a, b) and
LBMO:0.40Yb3+,0.01Ho3+,dCe3+ (d = 0−0.04) (c, d). Energy-transfer eﬃciencies (ηT) and normalized lifetimes of 5F4,5S2 and 5I6 levels in
NBMO:0.40Yb3+,0.01Ho3+,cCe3+ (c = 0−0.04) (e) and LBMO:0.40Yb3+,0.01Ho3+,dCe3+ (d = 0−0.04) (f).
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and LBMO:0.40Yb3+,0.01Ho3+,dCe3+, respectively, match well with a
double-exponential function, as depicted in Eqn 2, from which the
decay times are determined to be 88.7, 72.7, 57.3, 45.1, and 31.6 μs
corresponding to c = 0, 0.01, 0.02, 0.03 and 0.04 and 93.4, 67.6, 56.1,
39.4, and 23.8 μs corresponding to d = 0, 0.01, 0.02, 0.03, and 0.04,
respectively, according to Eqn 3. However, the decay curves
monitored at 1188 nm in Figure 7b,d for NBMO:0.40Yb3+,
0.01Ho3+,cCe3+ and LBMO:0.40Yb3+,0.01Ho3+,dCe3+, respectively,
are ﬁtted well with a single exponential function,58 I = I0 exp(−t/τ),
where I and I0 are the emission intensity at time t and 0, and τ is the
decay time. As a result, the decay times are determined to be 207.4,
186.1, 159.7, 133.5, and 118.6 μs corresponding to c = 0, 0.01, 0.02,
0.03, and 0.04 and 184.3, 160.5, 144.0, 115.4, and 98.8 μs
corresponding to d = 0, 0.01, 0.02, 0.03, and 0.04, respectively.
Obviously, all the lifetimes monitored at 544 and 1188 nm in
Yb3+,Ho3+,Ce3+ codoped samples are shorter than those in
corresponding Yb3+,Ho3+ codoped samples without Ce3+ and drop
monotonously with the Ce3+ concentration increase in them,
conﬁrming the energy transfer from Ho3+ to Ce3+ via the CR1 and
CR2 processes. According to the lifetimes, the energy-transfer
eﬃciency (ηT) can be estimated using following equation:
59
1T
Ce
0
3
η τ
τ
= −
+
(4)
where τCe
3+ and τ0 are the decay times of Ho
3+ (λex = 975 nm, λem =
544 and 1188 nm) with Ce3+ and without Ce3+ in (N/
L)BMO:0.40Yb3+,0.01Ho3+,c/dCe3+ samples. To compare the inﬂu-
ence of two diﬀerent CR processes to the red emission of Ho3+, the
normalized lifetimes of 5F4,
5S2 and
5I6 levels as a function of Ce
3+
concentration and energy-transfer eﬃciencies are depicted in Figure
7e for NBMO:0.40Yb3+,0.01Ho3+,cCe3+ and Figure 7f for
LBMO:0.40Yb3+,0.01Ho3+,dCe3+. It is found that the decreasing
rate of 5F4,
5S2 levels is much faster than that of
5I6 level in both kinds
of materials, indicating that CR1 process play a more eﬃcient role in
the population of 5F5 level than that of CR2. Moreover, the energy-
transfer eﬃciencies (ηT) of CR1 and CR2 processes calculated
according to Eqn 4 increase from 18% and 10.3% to 64.4% and 42.8%,
respectively, corresponding to c = 0.01−0.04 in NBMO:0.40Yb3+,
0.01Ho3+,cCe3+, as depicted in Figure 7f, and from 27.6% and 12.9%
to 74.5% and 46.4% in LBMO:0.40Yb3+,0.01Ho3+,dCe3+ correspond-
ing to d = 0.01−0.04, as depicted in Figure 7g. These results suggest
that CR1 process plays a dominant role for the enhancement of the
R/G ratio by simply adjusting the Ce3+ content.
■ CONCLUSIONS
In conclusion, a series of rare-earth ion-doped (N/L)-
BMO:Yb3+, Er3+ and (N/L)BMO:Yb3+, Ho3+, Ce3+ materials
were synthesized using a low-temperature solid-state reaction.
XRD patterns and Rietveld reﬁnements for several representa-
tive samples indicated the pure phase of as-prepared samples.
Two kinds of phosphors showed the similar structure
crystallizing in a tetragonal system with the space group I41/
a (88). The Yb3+,Er3+ codoped (N/L)BMO samples showed
intense green lights upon 975 nm laser excitation with two
main emission bands at 529 and 551 nm attributed to Er3+
transitions 2H11/2 →
4I15/2 and
4S3/2 →
4I15/2 in addition to a
very weak band around 655 nm from 4F9/2 →
4I15/2. In (N/
L)BMO:a/bYb3+,0.01Ho3+, the UCL spectra showed two main
bands around 544 nm (5F4,
5S2→
5I8) and 658 nm (
5F5→
5I8).
The emission intensities of these two bands increased with the
increases of Yb3+ concentration until a/b = 0.30/0.30, beyond
which the decreases of emission intensity were attributed to
the EBT eﬀect and self-cross-relaxation for excess Yb3+ ion.
However, the R/G ratios in these two kinds of phosphors
decreased with increasing Yb3+ concentrations, which can be
reﬂected by the variations of corresponding emission color and
CIE chromaticity coordinate. On the basis of the matching
energy gap of Ce3+2F7/2-
2F5/2 level pairs with Ho
3+5F4,
5S2-
5F5
and 5I6-
5I7 level pairs, the Ce
3+ ions were incorporated into
(N/L)BMO:0.40Yb3+,0.01Ho3+ to show the color tuning from
light yellow to light red upon 975 nm laser excitation. The
results indicate that the as-prepared (N/L)BMO:Yb3+, Er3+
and (N/L)BMO:Yb3+, Ho3+, Ce3+ materials show good UCL
properties, and color modulation can be easily controlled by
varying Yb3+ concentration and the cross-relaxation process
between Ce3+ and Ho3+, which provides eﬃcient methods to
regulate the emission color of UCL phosphors.
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